Introduction {#Sec1}
============

Data from the Swedish National Diabetes Register (NDR) indicate that in Sweden in 2013, there were approximately 36,000 people with type 1 diabetes being treated in specialist clinics \[[@CR1]\], of whom an estimated 21% were using insulin pumps \[continuous subcutaneous insulin infusion (CSII)\]. Notably, the proportion of adults using CSII was reported to vary considerably with age, with CSII use being more common in younger and in female patients \[[@CR1]\].

CSII represents an important treatment option for type 1 diabetes patients and is a particularly valuable alternative for several subgroups of patients, including those who cannot achieve good glycemic control with multiple daily injections (MDI) of insulin, patients with frequent or severe hypoglycemic events and young children with a fear of needles. There are also several other potential reasons why CSII may be preferable, such as erratic lifestyles with irregular shiftwork or travel across time zones that may complicate disease management. Indeed, in a study of routine clinical practice by Jendle et al. the most common indications for CSII were glucose excursions (35.8%), elevated glycated hemogloblin (HbA1c; 33.0%), patient preference (11.5%), frequent hypoglycemic events (7.9%) and facilitation of glycemic control (6.4%) \[[@CR2]\]. Many patients may also prefer CSII to MDI, with patient satisfaction having been reported to be significantly higher in patients using CSII than in those receiving MDI \[[@CR3]\].

In terms of clinical benefits, CSII has been shown to improve glycemic control and reduce the incidence of severe hypoglycemic events relative to MDI, particularly in patients with very poor baseline glycemic control \[[@CR4]--[@CR7]\]. Data from the Swedish NDR has also shown that CSII is associated with a significantly lower hazard ratio for fatal coronary heart disease, fatal cardiovascular disease and all-cause mortality relative to MDI \[[@CR8]\].

Sensor-augmented pump therapy (SAP) combines real time continuous glucose monitoring (CGM) with CSII and provides additional benefits beyond those provided by CSII alone. Studies conducted to date have shown that SAP is associated with improved glycemic control and a reduced frequency of hypoglycemic events compared with CSII \[[@CR9]--[@CR11]\]. Moreover, SAP-related technology is continually evolving, and SAP with automated insulin suspension includes devices incorporating features such as low glucose suspend (LGS) or predictive low glucose suspend (SmartGuard™ technology), both of which are features designed to minimize the risk of hypoglycemia. With the LGS feature, insulin delivery is temporarily suspended if glucose levels drop below a pre-defined threshold level. Predictive low glucose suspend is the most recently introduced feature and a more sophisticated feature, whereby insulin delivery can be suspended based on the prediction of low glucose levels within the next 30 min and insulin delivery is automatically resumed once blood glucose levels start to recover \[[@CR12]\]. Recently published findings from the ASPIRE study report that SAP with LGS, compared with no LGS, was associated with a reduction in both the rate and severity of hypoglycemia, particularly nocturnal hypoglycemic events \[[@CR13]--[@CR15]\].

One of the main barriers to wider uptake of SAP is the higher device costs relative to CSII. Therefore, the additional clinical benefit must be weighed against the increased acquisition costs. There is a widespread acceptance that technologies including CSII, CGM and SAP improve patient outcomes; indeed the American Association of Clinical Endocrinologists consensus statement on CGM states that "expanding CGM coverage and utilization is likely to improve the health outcomes of people with diabetes" (page 1009) \[[@CR16]\]. CSII with CGM was also recommended in the Endocrine Society Clinical Practice guidelines for type 1 diabetes patients failing to achieve HbA1c targets as well as for well-controlled patients willing to use CGM on an almost daily basis \[[@CR17]\]. Long-term health economic analyses are required to assist policy-makers and payers in the decision-making process with regard to the uptake and reimbursement of technologies such as SAP. The aim of the current analysis was to assess the cost-effectiveness of the latest generation of SAP with automated insulin suspension (MiniMed™ 640G insulin pump; Medtronic International Trading Sarl, Tolochenaz, Switzerland) versus CSII alone in two different populations of type 1 diabetes patients in Sweden.

Methods {#Sec2}
=======

Model Description {#Sec3}
-----------------

Cost-effectiveness analysis was performed using the QuintilesIMS CORE Diabetes Model (referred to hereafter in text as CDM; QuintilesIMS, Basel, Switzerland). The CDM is a non-product-specific policy analysis tool for cost-effectiveness analysis in type 1 or type 2 diabetes. Details of the model structure and validation have been published elsewhere \[[@CR18]--[@CR20]\]. The CDM is based on a series of inter-dependent sub-models that simulate disease progression and the incidence of diabetes-related complications. The sub-models have a semi-Markov structure and use time, time-in-state and diabetes type-dependent probabilities derived from published sources to simulate disease progression. Monte Carlo simulation using tracker variables is used to overcome the memory-less properties of a standard Markov model and allows for interconnectivity and interaction between individual sub-models.

Simulation Cohorts and Treatment Effects {#Sec4}
----------------------------------------

Analyses were performed in two different patient populations. The first patient cohort consisted of patients with type 1 diabetes who were considered to be at increased risk for hypoglycemic events, with patient cohort data, including age, duration of diabetes and baseline HbA1c, taken from a randomized controlled trial conducted by Ly et al. \[[@CR21]\], which was a 6-month trial that compared the use of SAP versus CSII in 95 patients with type 1 diabetes in Australia (Table [1](#Tab1){ref-type="table"}). The hypoglycemic event rates included in the analysis were also sourced from the Ly et al. study \[[@CR21]\]; after 6 months the rate of severe hypoglycemic events was 2.2 per 100 patient-months for CSII versus 0 per 100 patient-months for SAP.Table 1Baseline cohort characteristicsIncreased risk for hypoglycemiaSAP with automated insulin suspension (*n* = 46)CSII (*n* = 49)Age (years)17.4 ± 10.619.7 ± 12.9Male (%)56.5%42.9%Duration of diabetes (years)9.8 ± 7.412.1 ± 10.0HbA1c, % (mmol/mol)7.6% (60)7.4% (57)Hypoglycemia unawareness score5.9 ± 1.56.4 ± 1.5Uncontrolled HbA1c at baselineOverallAge (years)46 ± 17Male (%)55.7%Duration of diabetes (years)24 ± 15HbA1c,  % (mmol/mol)7.92 (63.14)Data are presented as the mean ± standard deviation, unless indicated otherwise*CSII* continuous subcutaneous insulin infusion, *SAP* sensor-augmented pump therapy,*HbA1c* glycated hemoglobin

The second patient cohort consisted of patients with type 1 diabetes with uncontrolled HbA1c at baseline. For this patient population, cohort characteristics were sourced primarily from the Swedish NDR (NDR data on file; Table [1](#Tab1){ref-type="table"}) and supplemented with data from the Diabetes Control and Complications Trial (DCCT) for any missing parameters \[[@CR22]\]. Treatment effects for this patient group in terms of change in HbA1c reduction were −0.58% for the SAP with automated insulin suspension group and −0.14% for the CSII group; these were derived from formulae published by Pickup et al. \[[@CR23]\]. For this analysis, severe hypoglycemic event rates were assumed to be equal in both treatment arms (a rate of 2.6 severe hypoglycemic events per 100 patient-months was assumed, based on data from Pickup et al. \[[@CR23]\]). In both analyses a sensor use of 49 sensors per year (corresponding to 80% of the time) was assumed for the SAP with automated insulin suspension arm (based on the assumption of each sensor lasting 6 days and patients using CGM for an average of 5.64 days per week) \[[@CR21]\].

This analysis does not contain data from any new studies with human or animal subjects performed by any of the authors and therefore did not require Institutional Review Board approval.

Intervention and Complication Costs {#Sec5}
-----------------------------------

With regard to treatment cost, only the incremental cost of SAP with automated insulin suspension relative to CSII was included in the analysis. This included the cost (list price) for the sensor, assuming a usage of 49 sensors per year, corresponding to 80% usage, inserter, batteries and transmitter. Costs of self-monitoring of blood glucose (SMBG) strips and lancets were also included. In both analyses an SMBG use of 7.11 strips/day was assumed for the CSII group and 4.35 strips/day for the SAP with automated insulin suspension group, based on findings of an observational analysis conducted in Sweden \[[@CR24]\]. The total incremental treatment cost for SAP with automated insulin suspension versus CSII was SEK (Swedish Krona) 24,174.69 per year.

Costs of diabetes-related complications were sourced from published literature and, where necessary, inflated to 2015 SEK (Table [2](#Tab2){ref-type="table"}). Indirect costs were calculated using the human capital approach \[[@CR25]\].Table 2Complication costsComplicationCost (SEK)ReferencesMyocardial infarction, year of event89,820\[[@CR49]\]Myocardial infarction, subsequent years2108\[[@CR46]\]Angina, first year48,363\[[@CR46]\]Angina, subsequent years8502\[[@CR46]\]Congestive heart failure, first year70,429\[[@CR46]\]Congestive heart failure, subsequent years662\[[@CR46]\]Stroke, year of event80,741\[[@CR46]\]Stroke, subsequent years3413\[[@CR46]\]Stroke death within 30 days78,551\[[@CR46]\]PVD, first year83,497\[[@CR46]\]PVD, subsequent years4647\[[@CR46]\]Hemodialysis, first and subsequent years524,117\[[@CR46]\]Peritoneal dialysis, first and subsequent years524,117\[[@CR46]\]Renal transplant, first year287,319\[[@CR46]\]Renal transplant, subsequent years48,584\[[@CR46]\]Severe hypoglycemic event30,333\[[@CR43]\]Minor hypoglycemic event0AssumedLaser eye treatment6692\[[@CR46]\]Cataract16,386\[[@CR46]\]Neuropathy, first year39,106\[[@CR50]\]Neuropathy, subsequent years0AssumedAmputation event96,357\[[@CR46]\]Amputation prosthesis (event)19,533\[[@CR51]\]Gangrene treatment25,197\[[@CR48]\]Infected ulcer16,852\[[@CR48]\]Standard uninfected ulcer14,663\[[@CR48]\]All costs are presented in 2015 Swedish Krona (SEK)*PVD* Peripheral vascular disease

Utility Values {#Sec6}
--------------

Utilities/disutilities for diabetes-related complications were sourced from Beaudet et al. \[[@CR26]\]. For the cohort at increased risk of hypoglycemia a utility adjustment was made that combined fear of hypoglycemia (FoH) with the reduction in hypoglycemic event rate, based on rates reported by Ly et al. \[[@CR21]\] and on published findings on the impact of SAP on health-related quality of life by McBride et al. \[[@CR27]\]. A utility decrement of −0.035 was applied to the CSII arm and a utility benefit of 0.038 was applied to the SAP with automated insulin suspension arm; no specific disutilities for individual severe hypoglycemic events were applied.

A utility benefit associated with reduced FoH was also applied to the SAP with automated insulin suspension arm of the cohort with uncontrolled HbA1c at baseline. A utility benefit of 0.0552 was applied, which was based on the findings of the INTERPRET study. Here, SAP was associated with a decrease in FoH; patients using SAP had a mean decrease of 6.9 units in the Hypoglycemia Fear Survey (HFS) \[[@CR28], [@CR29]\]. Currie et al. \[[@CR30]\] had reported earlier that a 1 unit increase in the HFS corresponds to a 0.008 increase in the EQ-5D health status questionnaire (EuroQoL-5 dimensions); therefore, a 6.9 unit reduction in HFS corresponds to a utility benefit of 0.0552.

Perspective, Time Horizon and Discounting {#Sec7}
-----------------------------------------

The base case analysis was performed from the societal perspective (incorporating indirect costs and lost productivity) in line with recommendations for the Swedish setting. For indirect costs, an average of 233 working days per year, age at first income of 24 years and retirement age of 65 years were assumed. An average salary of SEK 403,200 per year for males and SEK 350,400 per year for females was assumed based on data from Statistics Sweden \[[@CR31]\]. The number of days off work for diabetes-related complications were sourced from a study by Sørensen et al. conducted in Denmark \[[@CR32]\]. The analysis was performed over a lifetime time horizon, and future costs and clinical outcomes were discounted at a rate of 3% per annum in line with Swedish recommendations \[[@CR33]\].

Sensitivity Analyses {#Sec8}
--------------------

To establish the principal drivers of cost-effectiveness outcomes we performed a series of one-way sensitivity analyses. For the cohort at increased risk for hypoglycemia sensitivity analyses were performed in which the utility benefit for reduced FoH was negated, and an analysis in which the benefit was reduced to 0.0184, based on a 2.3 unit reduction in FoH reported by Yeh et al. \[[@CR34]\]. Also for the cohort at increased risk for hypoglycemia, sensitivity analyses were performed in which the severe hypoglycemia event rate in the CSII arm was altered to 1 and 8 events, respectively, per 100 patient-months. Other sensitivity analyses conducted in this population included changes in time horizon and discount rate.

In the cohort with uncontrolled HbA1c the sensitivity analyses included both increasing and decreasing baseline HbA1c, increasing and decreasing sensor use to 61 and 43 sensors per year, respectively (vs. 49 per year in the base case analyses), changes in SAP with automated insulin suspension costs (−20, −10 and +10% relative to the base case), change in SMBG reduction (no reduction and SMBG use of 6.11 per day and 2.11 per day in the SAP with automated insulin suspension arm) and changes in time horizon, perspective and discount rate.

Results {#Sec9}
=======

Cohort at Increased Risk of Hypoglycemic Events {#Sec10}
-----------------------------------------------

In the cohort at increased risk for hypoglycemia SAP with automated insulin suspension was associated with higher overall lifetime costs but also with a substantial gain in quality-adjusted life expectancy in the base-case analysis (Table [3](#Tab3){ref-type="table"}). Total mean lifetime costs[1](#Fn1){ref-type="fn"} were SEK 2,671,858 \[euro (EUR) 279,968\] per patient in the SAP with automated insulin suspension arm versus SEK 2,409,462 (EUR 252,473) per patient in the CSII arm. Direct costs were higher in the SAP with automated insulin suspension arm, but indirect costs were lower in this arm, likely driven by lower levels of lost productivity due to a lower cumulative incidence of diabetes-related complications. Mean quality-adjusted life expectancy was 13.11 quality-adjusted life years (QALYs) in the SAP with automated insulin suspension arm versus 11.23 QALYs in the CSII arm, leading to an incremental cost-effectiveness ratio (ICER) of SEK 139,795 (EUR 14,648) per QALY gained for SAP with automated insulin suspension versus CSII. Life expectancy (undiscounted) was also improved in the SAP with automated insulin suspension arm by an additional 0.45 years. When only direct costs were included in the analysis, the ICER for SAP with automated insulin suspension versus CSII increased to SEK 199,199 (EUR 20,873) per QALY gained. At a willingness-to-pay threshold of SEK 300,000 (EUR 31,435) per QALY gained, the likelihood of SAP with automated insulin suspension being considered cost-effective versus CSII was estimated to be 99%. Higher costs in the SAP with automated insulin suspension arm were driven primarily by higher incremental lifetime treatment costs \[SEK 659,570 (EUR 69,112) vs. SEK 141,864 (EUR 14,865)\], although these were partially offset by a lower projected incidence and by delay of onset of diabetes-related complications with SAP with automated insulin suspension (Table [4](#Tab4){ref-type="table"}). The mean onset of all diabetes-related complications included in the analysis was delayed in the SAP with automated insulin suspension group relative to the CSII group; mean delay in onset with SAP with automated insulin suspension ranged from 0.1 years for microalbuminuria to 0.44 years for end-stage renal disease.Table 3Summary of base-case cost-effectiveness resultsEffectiveness componentsSAP with automated insulin suspension armCSII-alone armDifferenceCohort at increased risk for hypoglycemia  Total costs, SEK (EUR)2,671,858 (279,969)2,409,462 (252,473)262,396 (27,495)  Direct costs, SEK (EUR)865,183 (90,657)491,287 (51,479)373,896 (39,178)    Treatment659,570 (69,112)141,864 (14,865)517,706 (54,247)    Management19,125 (2004)18,969 (1988)156 (16)    Cardiovascular disease37,066 (3884)36,360 (3810)706 (74)    Renal complications92,031 (9643)89,539 (9382)2492 (261)    Ulcer/amputation/neuropathy50,803 (5323)50,224 (5263)579 (61)    Ophthalmic complications6588 (690)6532 (684)56 (6)  Quality-adjusted life expectancy (QALY)13.11011.2331.877  ICER, SEK (EUR) per QALY gained139,795 (14,648)Cohort with uncontrolled HbA1c at baseline Total costs, SEK (EUR)1,925,040 (201,713)1,656,141 (173,537)268,899 (28,176)  Direct costs, SEK (EUR)742,442 (77,796)391,958 (41,071)350,484 (36,725)    Treatment467,551 (48,992)99,090 (10,383)368,461 (38,609)    Management13,438 (1399)13,133 (1376)305 (32)    Cardiovascular disease72,406 (7587)72,508 (7598)−102 (−11)    Renal complications137,527 (14,410)153,457 (16,080)−15,930 (−1,669)    Ulcer/amputation/neuropathy34,722 (3638)37,238 (3911)−2516 (−264)    Ophthalmic complications5149 (539)5190 (544)−41 (4)  Quality-adjusted life expectancy, QALYs9.2248.1571.067  ICER, SEK (EUR) per QALY gained251,896 (26,395)Costs are presented in SEK with the equivalent value in euros (EUR) given in parenthesis. The exchange rate for the conversion from SEK to EUR was 1 SEK 1 = 0.10478 EUR (date 1 August 2017)*ICER* Incremental cost-effectiveness ratio, *QALY* quality-adjusted life year Table 4Time alive and time free of diabetes-related complicationsDiabetes-related complicationsIncreased risk for hypoglycemia cohort (years)Uncontrolled HbA1c at baseline cohortSAP with automated insulin suspension armCSII-alone armΔSAP with automated insulin suspension armCSII-alone armΔProliferative retinopathy30.8030.460.3419.1718.280.89Microalbuminuria15.2215.120.1010.669.870.79Gross proteinuria33.0432.670.3719.2918.370.92End-stage renal disease36.4235.980.4421.7020.900.80First ulcer29.4329.110.3219.1018.180.92Amputation34.6734.270.4021.4220.630.79Neuropathy19.8719.700.1714.1613.121.04Peripheral vascular disease35.5035.100.4020.9420.200.74Congestive heart failure35.5535.130.4221.1220.360.76Angina35.2234.830.3919.8519.150.70Myocardial infarction35.7435.310.4320.3919.690.70Stroke34.8634.460.4019.2218.580.64Cataract31.5531.180.3719.8619.220.64Macula edema22.7222.540.1815.2114.560.65Severe vision loss27.2226.980.2418.2017.550.65Time alive and time free of complications are shown in years

Sensitivity analysis showed that for this patient group the ICER was most sensitive to changes in severe hypoglycemic event rate in the CSII arm as such events can be associated with substantial medical resource use and high direct costs (Table [5](#Tab5){ref-type="table"}). When the severe hypoglycemic event rate in the CSII arm was reduced to 1 per 100 patient-months the ICER increased to SEK 204,442 (EUR 21,422) per QALY gained. However, when the event rate for CSII was increased to 8 severe hypoglycemic events per 100 patient-months SAP with automated insulin suspension was dominant relative to CSII.Table 5Summary findings of sensitivity analysesSensitivity analysesQuality-adjusted life expectancy (QALYs)Costs in SEK (EUR)ICER per QALY, SEK (EUR)SAP with automated insulin suspension armCSII-alone armΔSAP with automated insulin suspension armCSII-alone armΔIncreased risk of hypoglycemic events cohort  Base case13.11011.2331.8772,671,858 (279,968)2,409,462 (252,473)262,396 (27,495)139,795 (14,648)  Direct costs only13.11011.2331.877865,183 (90,657)491,287 (51,479)373,896 (39,178)199,199 (20,873)  Discount rate (%)    021.89418.5443.3506,579,902 (689,468)6,128,787 (642,198)451,115 (47,270)134,673 (14,112)    1.516.60814.1582.4504,088,838 (428,444)3,753,353 (393,291)335,485 (35,153)136,899 (14,345)  Time horizon (years)    105.8265.0960.730370,639 (38,837)250,385 (26,236)120,254 (12,601)164,551 (17,242)    209.4588.2081.250885,744 (92,812)697,713 (73,109)188,031 (19,703)150,437 (15,763)  SHE rate (per 100 patient-months)    1^a^13.11011.3491.7612,671,858 (279,968)2,311,857 (242,245)360,001 (37,722)204,442 (21,422)    4^a^13.11011.0872.0232,671,858 (279,968)2,528,567 (264,953)143,291 (15,015)70,830 (7,422)    8^a^13.11010.8532.2572,671,858 (279,968)2,718,837 (284,890)−46,979 (−4923)SAP dominantCohort with uncontrolled HbA1c at baseline  Base case9.2248.1571.0671,925,040 (201,713)1,656,141 (173,537)268,899 (28,176)251,896 (26,395)  Direct costs only9.2248.1571.067742,442 (77,796)391,958 (41,071)350,484 (36,725)328,323 (34,403)  Cost SAP    −20%9.2248.1571.0671,860,426 (194,943)1,656,141 (173,537)204,285 (21,406)191,368 (20,052)    −10%9.2248.1571.0671,893,499 (198,408)1,656,141 (173,537)237,358 (24,871)222,349 (23,299)    +10%9.2248.1571.0671,957,347 (205,098)1,656,141 (173,537)301,206 (31,562)282,160 (29,566)  Baseline HbA1c    7.5% (58 mmol/mol)9.3798.6320.7471,869,807 (195,926)1,570,484 (164,561)299,323 (31,364)294,117 (30,819)    8.5% (69 mmol/mol)8.9947.9111.0831,993,322 (208,868)1,745,989 (182,952)247,333 (25,917)228,293 (23,921)    9.0% (75 mmol/mol)8.7977.6801.1172,057,878 (215,632)1,839,073 (192,705)218,805 (22,927)196,009 (20,539)  Complication costs    +20%9.2248.1571.0671,979,999 (207,472)1,714,693 (179,672)265,306 (27,800)248,531 (26,042)    −20%9.2248.1571.0671,870,062 (195,952)1,597,567 (167,399)272,495 (28,553)255,264 (26,748)  FoH utility    08.4188.1570.2611,925,040 (201,713)1,656,141 (173,537)268,899 (28,176)1,028,295 (107,749)    0.01848.6878.1570.5301,925,040 (201,713)1,656,141 (173,537)268,899 (28,176)507,261 (53,153)  SMBG use    No reduction^b^9.2248.1571.0671,964,416 (205,839)1,656,141 (173,537)308,275 (32,302)288,782 (30,260)    6.11 strips/day^b^9.2248.1571.0671,950,149 (204,344)1,656,141 (173,537)294,008 (30,807)275,417 (28,859)    2.11 strips/day^b^9.2248.1571.0671,893,083 (198,365)1,656,141 (173,537)236,942 (24,828)221,960 (23,258)  Time horizon (years)    53.1172.8600.257278,657 (29,199)183,890 (19,269)94,767 (9,930)368,025 (38,563)    105.2524.7660.486611,491 (64,074)454,224 (47,595)157,267 (16,479)323,861 (33,935)    207.7296.9290.8001,254,037 (131,403)1,029,125 (107,836)224,912 (23,567)281,104 (29,455)    409.1028.0621.0401,855,480 (194,424)1,592,990 (166,920)262,490 (27,505)252,177 (26,424)  Discount rate (%)    013.51711.7961.7213,408,201 (357,125)3,007,405 (315,128)400,796 (41,997)232,885 (24,403)    1.511.0189.6851.3332,517,823 (263,827)2,194,922 (229,993)322,901 (33,835)242,237 (25,383)  Number of sensors    439.1578.1571.0001,908,122 (199,940)1,656,141 (173,537)251,981 (26,404)251,804 (26,385)    619.3438.1571.1861,967,223 (206,133)1,656,141 (173,537)311,082 (32,596)262,250 (27,480)Costs were converted from SEK to EUR using an exchange rate of 1 SEK 1 = 0.10478 EUR (date 1 August 2017)*FoH* Fear of hypoglycemia, *SHE* severe hypoglycemic event, *SMBG* self-monitoring of blood glucose^a^In CSII arm^b^In SAP arm

Cohort with Uncontrolled HbA1c at Baseline {#Sec11}
------------------------------------------

In the base-case analysis for this patient group, SAP with automated insulin suspension was associated with higher total lifetime costs than CSII \[SEK 1,925,040 (EUR 201,713) vs. SEK 1,656,141 (EUR 173,537)\] and higher quality-adjusted life expectancy (9.22 vs. 8.16 QALYs), resulting in an ICER of SEK 251,896 (EUR 26,395) per QALY gained for SAP with automated insulin suspension versus CSII (Table [3](#Tab3){ref-type="table"}). If only direct costs were included in the analysis, the ICER increased to SEK 328,323 (EUR 34,403) per QALY gained. The higher costs in the SAP with automated insulin suspension arm were driven by higher lifetime treatment costs \[SEK 467,551 (EUR 48,992) vs. SEK 99,090 (EUR 10,383)\], which were partially offset by lower complication costs due to a delay in onset and reduced cumulative incidence of diabetes-related complications in the SAP with automated insulin suspension arm. For this patient group, at a willingness-to-pay threshold of SEK 300,000 (EUR 31,435), the likelihood of SAP with automated insulin suspension being considered cost-effective compared with CSII was 58%, which increased to 74% at a willingness-to-pay threshold of SEK 360,000 (EUR 37,722) per QALY gained and to 84% at a threshold of SEK 420,000 (EUR 44,009) per QALY gained. In the SAP with automated insulin suspension arm the mean onset of diabetes-related complications included in the analysis was delayed by at least 0.6 years (Table [4](#Tab4){ref-type="table"}). The most pronounced delays in onset of a long-term diabetes-related complication was for neuropathy, with an onset delay of a mean of 1.04 years in the SAP with automated insulin suspension arm relative to the CSII arm.

Sensitivity analyses in the cohort with uncontrolled HbA1c showed that outcomes were most sensitive to changes in baseline HbA1c and assumptions relating to the impact of FoH on quality of life (Table [5](#Tab5){ref-type="table"}). In the base case, mean baseline HbA1c was 7.9% (63.1 mmol/mol). If baseline HbA1 was reduced to 7.5% (58 mmol/mol), then incremental gain in quality-adjusted life expectancy with SAP with automated insulin suspension decreased to 0.75 QALYs (compared with 1.07 QALYs in the base case), resulting in the ICER increasing to SEK 294,117 (EUR 30,819) per QALY gained. However, if baseline HbA1c was increased to 9.0% (75 mmol/mol), the ICER for SAP with automated insulin suspension versus CSII was reduced to SEK 196,009 (EUR 20,539) per QALY gained, suggesting that the SAP with automated insulin suspension may be most cost-effective in those patients with the poorest glycemic control at baseline. The benefit associated with reduced FoH was also found to be a key driver of outcomes. In a sensitivity analysis in which this utility benefit was entirely negated, the incremental gain in quality-adjusted life expectancy was reduced to 0.261 QALYs, which resulted in the ICER increasing to SEK 1,028,295 (EUR 107,749) per QALY gained. Similarly, when the FoH utility benefit was reduced to 0.0184 (compared with 0.0552 in the base case), the ICER increased to SEK 507,261 (EUR 53,153) per QALY gained.

Discussion {#Sec12}
==========

The results of our cost-effectiveness analyses of SAP with automated insulin suspension versus CSII in patients with type 1 diabetes in Sweden suggest that the former represents good value for money. SAP with automated insulin suspension was associated with better life expectancy and quality-adjusted life expectancy but higher costs relative to CSII, leading to ICERs of SEK 139,795 (EUR 14,648) per QALY gained for patients at increased risk for hypoglycemia and SEK 251,896 (EUR 26,395) per QALY gained for patients with uncontrolled HbA1c at baseline. It should also be noted that in analyses such as those presented here, for interventions that improve life expectancy this longer life expectancy can contribute to a "survival paradox" whereby patients accrue direct costs and experience complications over a longer period of time owing to higher life expectancy. Although there is no official willingness-to-pay threshold in Sweden, for both patient groups the ICERs estimated in the present analysis fall below a willingness-to-pay threshold of SEK 500,000 (EUR 52,392) per QALY gained. Indeed, at this threshold the probability of SAP with automated insulin suspension being considered cost-effective versus CSII exceeds 98% in both patient populations in the current analysis.

CSII is widely used in Sweden relative to many other European settings; in 2013, there were an estimated 10,000 patients using CSII, although figures on the proportion using SAP are lacking \[[@CR35]\]. Further, the assessment of CSII by the Swedish Council on Health Technology Assessment (SBU) reported that CSII is the first choice treatment modality for young children with recently diagnosed type 1 diabetes. Use of CSII in adults is typically limited to those patients who cannot achieve adequate glycemic control on MDI, although data from the Swedish NDR suggest that this may be a sizable proportion of the overall type 1 diabetes population. Additionally, the SBU assessment of CGM, despite noting high levels of patient satisfaction with SAP, acknowledged that there is a general reluctance to offer CGM to adults in Sweden, even though short-term use has been shown to improve HbA1c \[[@CR36]\]. The SBU report on CGM also highlighted uncertainty around the effect of CGM on rates of severe hypoglycemic events and ketoacidosis. However, since publication of that report, clinical evidence has accrued which suggests that SAP with automated insulin suspension contributes to a reduced incidence of hypoglycemic events, particularly nocturnal hypoglycemic events \[[@CR12], [@CR13], [@CR16], [@CR21]\].

Sensitivity analyses in the cohort with uncontrolled HbA1c showed that SAP with automated insulin suspension was most cost-effective in those patients with poorest glycemic control at baseline. This is likely driven by the fact that the incremental benefits of SAP with automated insulin suspension (in terms of improved HbA1c) are likely to be most pronounced in those patients with the worst glycemic control at baseline. Indeed, the treatment effect in terms of HbA1c reduction was sourced from formulae published by Pickup et al. \[[@CR23]\] that take into account baseline HbA1c, in that patients with higher baseline HbA1c values have greater reductions in HbA1c that those with lower baseline HbA1c values. The resultant improvement in glycemic control with SAP with automated insulin suspension is a key driver of long-term outcomes. Patients with poor glycemic control are known to be at increased risk of diabetes-related complications. Data from the Swedish setting indicate that relative to the general population, type 1 diabetes patients with HbA1c levels of \>7.8% (62 mmol/mol) have a more than threefold higher hazard ratio (HR) for all-cause mortality and a more than fourfold HR for cardiovascular mortality \[[@CR37]\]. Additionally, data from the NDR suggest that the proportion of type 1 diabetes patients in Sweden not achieving good glycemic control, particularly in the younger age groups, may be substantial. For example, in one single-center retrospective longitudinal study in patients aged 18--24 years in Sweden, less than 10% patients had a mean HbA1c of ≤7.0% (53 mmol/mol) during the study period. Further, 22% of 24-year-olds and \>50% of 18-year-olds had mean HbA1c values ≥9.1% (76 mmol/mol) \[[@CR38]\]. In another analysis, also using NDR data from a total of 7454 patients aged 20--65 years, a total of 3268 (44%) patients had HbA1c levels of 8.0--11.9% (64--107 mmol/mol) at the start of the study \[[@CR37]\]. Additionally, in Sweden, patients with poor glycemic control are also more likely to initiate insulin pump therapy, with this likelihood increasing in a non-linear fashion with higher HbA1c. For example, in one large-scale study involving \>7000 patients, the HR for CSII initiation in patients with HbA1c values of ≥9.8% (83 mmol/mol) relative to those with HbA1c values of \<6.0% (\<42 mmol/mol) was 5.65 (95% confidence interval 2.98--10.72) \[[@CR39]\]. Taken together, these figures suggest that, in Sweden, there is potentially a substantial number of patients with type 1 diabetes for whom switching to SAP with automated insulin suspension could be both clinically beneficial and cost-effective. In this patient cohort the impact of SAP with automated insulin suspension in terms of reduced FoH was also a key driver of outcomes. FoH has been shown to be particularly pronounced at night, and it also influences many aspects of disease management including diet, physical activity and insulin dosing, to the extent that some patients may deliberately tolerate higher blood glucose levels in order to lessen the risk of hypoglycemia \[[@CR40]\]. For these patients, switching to SAP, especially advanced SAP devices with an automated insulin suspension feature, may help to alleviate the considerable burden associated with FoH while simultaneously enabling better glycemic control.

Sensitivity analysis in the cohort with uncontrolled HbA1c at baseline showed that outcomes were also influenced by the frequency of sensor use. Quality-adjusted life expectancy was 9.34 QALYs when a sensor use of 61 per year was assumed (compared with 9.22 QALYs with 49 sensors per year in the base-case analysis), but total costs in the SAP with automated insulin suspension arm also increased to SEK 1,967,223 (EUR 206,133). These projected outcomes are in line with findings from the STAR 3 trial, which reported that the magnitude of clinical benefit associated with SAP was influenced by the frequency of sensor use, with higher rates of sensor use being associated with better glycemic control \[[@CR41]\]. In the STAR 3 trial, patients who used the sensor 0--20% of the time had a HbA1c reduction (from baseline to 1 year) of −0.43%, whereas for patients who used the sensor 81--100% of the time the reduction in HbA1c was −1.21%.

In the cohort at increased risk for hypoglycemic events the projected incidence of severe hypoglycemic events was a key driver of outcomes. Severe hypoglycemic events, although rare for most patients, can have potentially catastrophic consequences, including coma and even death; recent data have also indicated that a history of severe hypoglycemic events may lead to an elevated risk of mortality following cardiovascular events \[[@CR42]\]. These events may also be associated with extensive medical resource use and high direct medical costs. In the current analysis, the direct cost of a severe hypoglycemic event was SEK 30,333 (EUR 3,178), based on published data from Jönsson et al. \[[@CR43]\]. However, the current analysis did not take into account any potential benefit in terms of minor hypoglycemic events or indirect costs associated with severe hypoglycemic events. Indirect costs of non-severe hypoglycemic events are often overlooked but can be substantial, with estimates of lost work time ranging from 8.3 to 15.9 h per month \[[@CR44]\].

There are a number of limitations associated with the findings of the analysis presented here. Notably, a fundamental limitation common to all health economic modeling analyses is the use of short-term clinical data to project long-term outcomes. For the analysis in patients at increased risk of hypoglycemic events, data from a clinical trial of 6 months duration in patients aged 5--49 years were utilized. The CORE diabetes model was developed using data from adult type 1 diabetes populations; as such, the inclusion of clinical input data from children and adolescents may limit the accuracy of projected long-term clinical outcomes for such patients. A further limitation is the relatively small-scale nature of the trial, which enrolled fewer than 100 patients. However, long-term, large-scale studies comparing SAP with automated insulin suspension versus CSII are lacking; therefore, the use of short-term clinical data represents the best available proxy for projecting long-term outcomes.

The findings of the current analysis concur with those of a previous cost-effectiveness analysis conducted in Sweden, which reported an ICER of SEK 367,571 (EUR 38,516) per QALY gained for SAP versus CSII \[[@CR45]\]. However, SAP technology has advanced since the publication of this earlier analysis, with new features, such as predictive low glucose suspension, improving clinical benefits and, therefore, the cost-effectiveness of SAP. More recent analyses of SAP with automated insulin suspension versus CSII have been conducted in type 1 diabetes patients in other settings, including the UK \[[@CR46]\], France \[[@CR47]\] and Denmark \[[@CR48]\]. The findings of these analyses concur with those of the present analysis in suggesting that SAP with automated insulin suspension is cost-effective compared with CSII in particular groups of type 1 diabetes patients in the UK, France and Denmark as well as Sweden.

Overall, the findings of our analysis suggest that in Sweden, for type 1 diabetes patients who continue to experience poor glycemic control, or severe hypoglycemic events despite CSII use, switching to SAP with automated insulin suspension is likely to represent a cost-effective treatment alternative.

Total costs refer to the total direct and indirect costs attributable to diabetes-related complications as well as the incremental device costs in the SAP arm. The cost of the CSII device was not included in the analysis as this was assumed to be the same in both arms.
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